Simulations of EPSCs Arising from Distant
. The slow-rising Simulating the Effects of Slowing Diffusion on Spillover the three models had rapid rise times (10%-90%, 0.27-0.38 ms) and all had a similar shape and peak (116-157
Since one of the key differences between currents produced by transmitter spillover and PLR is the distance M; Figure 2Aii) , with a decay that could be fit with dual exponentials with 1 ϭ 0.28-0.32 ms and 2 ϭ 12-45 over which glutamate diffuses, we investigated whether changing the mobility of glutamate could be used to ms. In contrast, the P open (t)s generated with the rapidly desensitising RT kinetic scheme was unable to reprodistinguish between these mechanisms. Figure 3A to spillover, lowering D glut will generally decrease the time-to-peak of slow-rising currents mediated by PLR. from 116 to up to 811 M by retarding diffusion out of the cleft. However, the shape of concentration transients However, in those cases where the time-to-peak is slightly increased by lowering D glut , the peak amplitude arising from PLR was relatively insensitive to lowering D glut , with the peak slowing by only 154 s. Figure 4B of these currents will be increased dramatically.
To test a wider range of conditions, we examined the shows that the large amplitude increases are also preserved in the AMPAR responses, with the peak amplieffect of lowering D glut on release waveforms of different durations and amplitudes. Figure 4E shows a 3D plot tude increasing by up to 707%. In contrast to spillover, the time-to-peak of the P open (t) decreased by 39% when of the relationship between the change in the time-to- As the release time course becomes brief (Ͻ1 ms), the time-to-peak began to increase when lowering D glut . In those cases where the time-to-peak increased more than 5%, large increases (Ͼ100%) in the peak amplitude were again observed ( Figure 4F ). Moreover, their initial time-to-peak is rapid (Ͼ2-fold faster than slow-rising currents in the GC).
Our simulations of spillover and prolonged release show that lowering D glut has different effects on the timeto-peak and amplitude of slow-rising EPSCs arising from these two mechanisms. Agents that lower glutamate mobility can therefore be used to determine whether spillover or PLR underlie slow-rising currents under a wide range of physiologically plausible conditions.
Slowing Diffusion at the Mossy Fiber-Granule Cell Synapse with Dextran
To examine the mechanism underlying slow-rising currents at the MF-GC synapse, we slowed glutamate diffusion by adding 1 mM (5% w/v) of the macromolecule dextran (43 kDa) to the extracellular medium while recording evoked EPSCs from GCs. This concentration of dextran more than doubles the viscosity (Min et al., 1998) but had little effect on the osmolality of the extracellular solution or the effective concentration of glutamate (Experimental Procedures). We isolated slow-rising AMPAR EPSC on the basis of rise time and fitted slowrising currents to determine the amplitude and time-topeak. The mean and isolated slow-rising EPSCs before and during dextran perfusion are shown in Figure 5A for a representative cell. Perfusion of dextran resulted in an increase in the time-to-peak of the isolated slowrising EPSC (25% for this cell), with an average increase 11.1 pA in dextran; p ϭ 0.34, n ϭ 9; Figure 5D ). We also observed an increase in the failure rate of the fast-rising component (12.9% Ϯ 1.3% in control, 25.0% Ϯ 2.3% in lowering the release probability. Figure 5F shows peaknormalized slow-rising EPSCs recorded in 2 and 1.5 mM dextran; p ϭ 0.04, n ϭ 9; Figure 5E ), indicating a decrease in release probability in the presence of dextran.
[
] o . The mean EPSC peak amplitude recorded under these conditions decreased from Ϫ49.3 pA to Ϫ20.7 pA, We therefore tested whether dextran-induced slowing of the slow-rising EPSCs could be accounted for by respectively (p Ͻ 0.001; Figure 5F , inset). However, there was no change in the time-to-peak of slow-rising EPSC tended to increase, this was not significant ( Figure 6E ; 24% Ϯ 11%; p ϭ 0.06, n ϭ 9). Moreover, the failure rate (1.32 Ϯ 0.10 ms in 2 mM, 1.43 Ϯ 0.19 in 1.5 mM [Ca 2ϩ ] o ; p ϭ 0.42, n ϭ 8), demonstrating that the slowing of the of fast-rising events was unaffected by dextran in the presence of metabotropic antagonists (p ϭ 0.12, n ϭ time-to-peak of slow-rising EPSCs in the presence of dextran is not due to a change in release probability. 9; Figure 6F ), consistent with the idea that transmitter retention in the presence of dextran reduced release The slowing of the time-to-peak in these preliminary experiments is consistent with the idea that slow-rising probability by activating presynaptic receptors. On average, the time-to-peak of the slow-rising current was EPSCs arise from spillover of glutamate.
Since presynaptic metabotropic receptors reduce slowed by 22% Ϯ 7% (p ϭ 0.014, n ϭ 9; Figure 6G 
Mean quantal waveform under control conditions is expressed as P open (t) (black trace). (D) Simulated spillover P open (t), as in (C), together with fit of measured population slowrising EPSC expressed as P open (t) (using Equation 1; black trace). (E) Time-to-peak (T2P), ratio of rapid local to spillover peak P open amplitudes (AmpR), peak spillover P open (Spill P o ), and weighted decay of rapid local P open (t) ( w ; over 3 ms) of simulated P open (t) using

To assess the accuracy of our estimate of D glut , we
Reducing or increasing the release probability by 50% had little effect on our estimate of D glut , changing it by examined how it was influenced by model parameters that are not well defined for the MF-GC synapse in P25 only 6% and 4%, respectively. To account for potential changes in the intersite distance between P18 and P25 rats. We report both the weighted mean measure of D glut , since it takes into account the possibility that the best ( Stiles et al. (1996) , the estimate of D glut was 3% lower and 0.2% higher, had little effect on the estimated D glut , giving 1.7% and 0.2% increases for the weighted mean and HR model, respectively. We also examined the sensitivity of D glut to our estimate of release probability, since it influences respectively. These simulations of uncertainties in model parameters suggest that D glut is between 2-and both the peak concentration of glutamate arising from spillover and our estimate of the peak slow-rising P open .
5-fold lower than free solution. Figure  8G shows individual concentration waveforms from tances the dextran-induced slowing will be small, and may be comparable to the speeding due to channel each of the ten distinct release locations shown in Figure  1B , which had different amplitudes and rise times but kinetics and therefore would be difficult to distinguish spillover from PLR. converged at late times. In the absence of local release, the average spillover concentration (i.e., the sum of all Our approach assumes that dextran does not slow the rate of diffusion within the fusion pore, as this would individual transients scaled by the release probability and convolved with the latency distribution) reached increase the time-to-peak of the postsynaptic current. This is unlikely given dextran is an inert macromolecule 129 M and had a 10%-90% rise time of 198 s. These values are comparable to those obtained by fitting the and that its hydrodynamic radius (7.3 nm) (Nicholson and Tao outside the active zone decreased the time-to-peak of the slow-rising current by 4% and thus cannot account for our results.
Discussion
The use of dextran for distinguishing PLR from spillover provides a new tool for investigating the mechanisms We examined the properties of release underlying slowunderlying transmission and transmitter diffusion synrising AMPAR-mediated EPSCs at the cerebellar MF-GC apses where rise times can be reliably measured. In gensynapse. Our simulations show that prolonged local reeral, a ‫%53ف‬ change in D glut in dextran would produce lease and transmitter spillover can be distinguished on at least a 13% slowing ( Figure 3E ) in the time-to-peak in the basis of changes in the time course and amplitude our simulations if the currents are mediated by spillover, of AMPAR-mediated slow-rising currents when the gluand a greater than 70% increase ( Figure 4D ) in the peak tamate diffusion is slowed. We have used the macromolamplitude of slow-rising currents mediated by PLR. Any ecule dextran to slow diffusion in cerebellar slices and decrease in the time-to-peak of the slow-rising current examined changes in EPSCs. Our results indicate that upon lowering D glut indicates the presence of a PLR transmitter spillover, rather than PLR, underlies the mechanism ( Figure 4E) , and under most conditions this slow-rising AMPA EPSC at the MF-GC synapse. Morewould be associated with a substantial potentiation in over, our results provide an experimental estimate of the peak amplitude. Indeed, it should also be possible to the diffusion coefficient of glutamate in the synaptic use this method to examine the mechanisms underlying cleft and suggest that it is approximately one third of transmission before and after LTP at hippocampal synthe value in free solution at physiological temperature.
apses ( Uncertainties in our estimate of D glut arise largely from mobility in the synapse are unknown, it is possible that macromolecules, such as ion channels and constituents the AMPAR model, the number of molecules per vesicle, the intersite distance, and the experimental error. These of the extracellular matrix, contribute to slowing glutamate diffusion (Syková , 2001 amplitude, the artifact was removed by subtracting the averaged 1996b) except for the slicing solution, which contained 85 mM NaCl, slow-rising (mostly failures) trace from all the traces. The failure 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 25 mM glucose, probability of the fast-rising component was calculated as the ratio 63 mM sucrose, 0.5 mM CaCl 2 , 4 mM MgCl 2 , and 0.5 mM ascorbic of failures plus slow-rising successes to the overall number of stimacid. After 30 min incubation at 32ЊC, the slices were transferred to uli. To improve the estimate of the time-to-peak and amplitude of recording solution (125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , slow-rising currents, we fitted them with the following equation (de-26 mM NaHCO 3 , 25 mM glucose, 2 mM CaCl 2 , 1 mM MgCl 2 ) with rived from Bekkers and Stevens, 1996): 1 mM kynurenic acid and 0.4 mM ascorbic acid added and stored at room temperature. Fire-polished patch electrodes were filled with EPSC(t ) ϭ one of two solutions: (1) 110 mM KMeSO 4 , 40 mM HEPES, 4 mM NaCl, 5 mM EGTA, 1.78 mM CaCl 2 , 0.3 mM NaGTP, and 4 VMgATP 
